Introduction
============

Galectins are a family of soluble lectins that bind β-galactoside, and there are identified 15 members of the galectin family in mammals. Each galectin has different binding capacity to oligosaccharides, although all galectins recognize galactose-containing glycan.^([@B1])^ Galectins have various biological functions such as induction of apoptosis, cell growth arrest, cell adhesion, migration, and modulation of immune responses, including antitumor immunity.^([@B2],[@B3])^ Galectin-9, one of the galectin family, has two carbohydrate recognition domains and is widely distributed.^([@B4])^ Although galectin-9 was originally found as a potent eosinophil chemoattractant, it has complicated functions in immune modulation. For example, galectin-9 has been reported to exhibit divergent activities such as preventive effects on autoimmune disease through the suppression of Th1 and Th17 cells and the induction of regulatory T cells^([@B5])^ and effects on enhancement antitumor immunity by the induction of dendritic cell (DC) maturation and the promotion of Th1 immune responses.^([@B6])^ Some reports suggested that galectin-9 levels increase in mouse models of allergic airway,^([@B7])^ food allergy,^([@B8])^ and atopic dermatitis.^([@B9])^ However, other reports indicated that exogenous galectin-9 diminished allergic inflammation in a mouse model of allergic asthma.^([@B10])^ In addition to T-cell immunoglobulin and mucin-containing protein-3 (TIM-3) and CD44, which are reported as the major targets of galectin-9,^([@B10],[@B11])^ galectin-9 has been reported recently to interact with immunoglobulin E (IgE), whereby mast cell degranulation was suppressed.^([@B12])^ Thus, conflicting data have been reported regarding galectin-9 effects on allergy.

Fucoidan is a sulfated polysaccharide found in brown sea algae. Although the structure of fucoidan from different brown sea algae varies between species, it is mainly composed of fucose and sulfated fucose.^([@B13])^ Besides these, other fucoidans from different brown sea algae also contain specific sugars such as glucose, galactose, xylose and uronic acid.^([@B13])^ Fucoidan has various antitumor^([@B14])^ and anticoagulant^([@B15],[@B16])^ activities through the modulation of immune responses. Therefore, it was supposed that fucoidan is able to suppress allergic symptoms caused by immune disorders. Although fucoidan has been reported to have anti-allergic effects,^([@B17]--[@B19])^ there are few reports on the anti-allergic mechanism when fucoidan was administered orally. Fucoidan shows little or no absorption from the intestine;^([@B16],[@B20])^ therefore, it was presumed that fucoidan exhibits diverse activities against type I allergy irrespective of the administration pathway. We reported previously that dietary F-fucoidan from *Saccharina japonica* (*S. japonica*), which consists of fucose and sulfated fucose, has exhibited anti-thrombotic effects and was eliminated without being completely absorbed.^([@B16])^ This indicated that F-fucoidan can show activity without being absorbed into the body.

In this study, the effect of oral intake of F-fucoidan from *S. japonica* on type I allergy was investigated. Our results indicated that F-fucoidan induced the expression of galectin-9 in intestinal epithelial cells (IECs) and secretion of galectin-9 into blood, resulting in the prevention of type I allergic symptoms by galectin-9 binding to IgE and preventing the interaction of IgE and mast cells.

Materials and Methods
=====================

Reagents
--------

Mouse anti-2,4,6-trinitrophenyl (TNP) monoclonal IgE was purchased from BD Biosciences (San Jose, CA). 2,4,6-trinitrochlorobenzene was purchased from Tokyo Chemical Industry (Tokyo, Japan). Ovalbumin (OVA), and Al(OH)~3~ were purchased from Sigma-Aldrich (Saint Louis, MO). Recombinant mouse galectin-9 was purchased R&D Systems (Minneapolis, MN), and an anti-mouse galectin-9 antibody was purchased from Santa Cruz Biotechnology (Dallas, TX) and R&D Systems. Anti-mouse IgE and anti-goat IgG-HRP antibodies were purchased from Bethyl Laboratories (Montgomery, AL).

Preparation of F-fucoidan
-------------------------

Crude F-fucoidan was extracted from powdered *S. japonica* using sodium acetate buffer (pH 4.6). Crude F-fucoidan was divided into F-fucoidan and alginic acid on an anion-exchange column (Toyopearl DEAE-650, TOSOH, Tokyo, Japan).

Mice
----

Female BALB/c mice (4 weeks old) were purchased from Japan SLC (Shizuoka, Japan). Mice were housed in an air-conditioned animal room at a temperature of 23 ± 2°C and a humidity of 55 ± 10%. Mice were acclimatized with *ad libitum* supply of food and drinking water. This study was approved by the Institutional Animal Care and Use Committee and carried out according to the Kobe University Animal Experimentation Regulations (permission number: 25-06-04).

Passive cutaneous anaphylaxis reaction
--------------------------------------

Mice were intravenously sensitized with anti-TNP IgE and then challenged with application of 1.6% 2,4,6-trinitrochlorobenzene in acetone:olive oil (1:1) as an antigen on the ear at 30 min after sensitization. Ear thickness was measured before and 2 h after antigen challenge using a micrometer (Ozaki MFG, Tokyo, Japan), and the difference in ear thickness before and after application of the antigen was defined as an edema. Before the passive cutaneous anaphylaxis (PCA) reaction, mice were orally or intraperitoneally administered crude F-fucoidan (100, 200 or 400 µg/day) everyday for 4 days. To investigate the contribution of galectin-9 to the anti-allergy properties of F-fucoidan, mice were injected intravenously with an anti-galectin-9 antibody (50 µg) 1 h before the PCA reaction. To evaluate whether galectin-9 induced by F-fucoidan prevented type I allergy through binding IgE, mice were injected intravenously with lactose (100 mM) 10 min before the PCA reaction. Sucrose was used as a negative control.

Sampling of tissues, RNA isolation and real-time PCR
----------------------------------------------------

Harvested small intestine was washed in ice-cold PBS to remove feces and then cut longitudinally. IECs were isolated by scraping using a glass slide. Total RNA was extracted from the tissues using Sepasol RNA I super G (Nacalai Tesque, Kyoto, Japan) in accordance with the manufacturer's protocol. cDNA synthesis was performed using a High-Capacity cDNA Reverse Transcription kit (Life Technologies, Carlsbad, CA). Quantitative PCR was performed using a 7500 Fast Real Time PCR system (Life Technologies) using TaqMan^®^ Fast Universal PCR Master Mix (Life Technologies), and Gene Expression Assays for mouse galectin-9 and β-actin (Life Technologies), in accordance with the manufacturer's protocol.

Immunoprecipitation, SDS-PAGE and western blotting
--------------------------------------------------

Recombinant mouse galectin-9 (250 ng) and lactose (100 mM) were mixed and left on ice for 15 min. Sucrose (100 mM) was used as a negative control. Anti-TNP IgE (50 ng) was added and left on ice for 15 min. Then, the mixtures were incubated with anti-mouse IgE antibodies bound to protein G Dynabeads (Life Technologies) at room temperature for 10 min. SDS sample buffer (62.5 mM Tris-HCl (pH 6.8), 1% SDS, 10% glycerol, 0.005% bromophenol blue, and 2-mercaptoethanol) was added to each of the supernatants and beads, then heated at 70°C for 10 min. Samples were subjected to sodium dodecylsulfate polyacrylamide gel electrophoresis (SDS-PAGE) and transferred onto polyvinylidene fluoride membranes (General Electric, Fairfield, CT). Anti-mouse galectin-9 or anti-mouse IgE antibodies were reacted as the primary antibody at 4°C overnight, followed by anti-goat IgG-HRP antibody as the secondary antibody at 4°C for 1 h. All signals were detected by enhanced chemiluminescence using Chemi-Lumi One (Nacalai Tesque). In the case of detection of galectin-9 in serum, SDS-PAGE and western blotting were conducted in the same manner as above except the detection reagent. BCIP/NBT Phosphatase Substrate and PhosphaGLO Reserve^TM^ AP Substrate (Kirkegaard & Perry Laboratories, Gaithersburg, MD) were used as the detection reagent.

Ovalbumin-induced allergy model
-------------------------------

Mice were sensitized by intraperitoneal injection of 10 µg OVA with 1 mg Al(OH)~3~ adjuvant and evoked by injection of 10 µg OVA with 0.5 mg Al(OH)~3~ adjuvant every 5 days for 4 weeks after sensitization. Oral administration of crude F-fucoidan (200 µg/day) was started on the 7th day before first injection of OVA. One day before the injection of OVA, blood samples were collected from the tail vein, and on the final day, whole blood was collected by cardiac puncture. The blood samples were centrifuged at 10,000 rpm for 10 min after incubation at room temperature for 1 h and at 4°C overnight for serum. The amount of total IgE, OVA-specific IgE and OVA-specific IgG~1~ were measured from serum by using an ELISA kit (BD Biosciences, San Jose, CA, DS Pharma Biomedical, Osaka, Japan, and Cayman Chemical, Ann Arbor, MI, respectively).

Statistical analysis
--------------------

Data were expressed as means ± SE. Statistical analysis were performed by Tukey-Kramer test. *P*˂0.05 was considered statistically significant.

Results
=======

Effect of F-fucoidan on passive cutaneous anaphylaxis reaction
--------------------------------------------------------------

To investigate whether oral administration of F-fucoidan could inhibit a type I allergic reaction, PCA reaction was conducted after oral administration of crude F-fucoidan. Oral administration of F-fucoidan prevented ear edema induced by IgE/antigen at a concentration of more than 200 µg/day (Fig. [1](#F1){ref-type="fig"}). To confirm whether it is essential that F-fucoidan goes through intestine to exert its effect, mice were orally or intraperitoneally administered F-fucoidan. Although ear edema was inhibited in the group administered oral F-fucoidan, it was not absolutely inhibited in the group that received intraperitoneal crude F-fucoidan (Fig. [2](#F2){ref-type="fig"}). These data suggested that F-fucoidan shows an inhibitory effect on type I allergy only the through intestine.

Galectin-9 content in blood of mice administered F-fucoidan
-----------------------------------------------------------

It has been reported that galectin-9 prevented mast cell degranulation and ear edema induced by PCA reaction through an interaction with IgE.^([@B12])^ Therefore, to investigate the involvement of galectin-9 in the inhibitory effect of F-fucoidan on the PCA reaction, galectin-9 in the blood of mice administered F-fucoidan was detected by western blotting. In serum of mice administered F-fucoidan, a band corresponding to galectin-9 was detected (Fig. [3](#F3){ref-type="fig"}). To confirm the identity of this band, TOF-MS was performed and identified it as galectin-9. Therefore, the administration of fucoidan increased galectin-9 content in the blood.

Association between suppression of the passive cutaneous anaphylaxis reaction and galectin-9 induction by oral administration of F-fucoidan
-------------------------------------------------------------------------------------------------------------------------------------------

It has been reported that high expression levels of galectin-9 in the intestine led to the suppression of food allergy.^([@B21])^ Therefore, to examine whether expression of galectin-9 in the intestine was increased when mice were administered F-fucoidan orally, galectin-9 mRNA expression levels in IECs of mice administered F-fucoidan were measured. Galectin-9 mRNA expression levels did not show any change in response to IgE/Ag challenge compared with just an IgE challenge. However, in the group administered crude F-fucoidan, the expression level of galectin-9 mRNA was increased significantly (Fig. [4](#F4){ref-type="fig"}A). To examine the requirement for galectin-9 in the anti-allergic properties of F-fucoidan, mice administered crude F-fucoidan were injected intravenously with an anti-galectin-9 antibody 1 h before the PCA reaction. As shown in Fig. [4](#F4){ref-type="fig"}B, ear edema, which was suppressed by oral administration of F-fucoidan, were canceled by injection of the anti-galectin-9 antibody.

Involvement of binding between galectin-9 and IgE in the inhibitory properties of F-fucoidan in the passive cutaneous anaphylaxis reaction
------------------------------------------------------------------------------------------------------------------------------------------

It has been reported that the interaction of galectin-9 with IgE was competitively inhibited by lactose.^([@B12])^ Indeed, lactose, but not sucrose, inhibited co-immunoprecipitation of galectin-9 with IgE, and galectin-9 was detected in the supernatant (Fig. [5](#F5){ref-type="fig"}A). To confirm the effect of lactose *in vivo*, mice administered crude F-fucoidan were intravenously injected with lactose as well as an anti-galectin-9 antibody. As shown in Fig. [5](#F5){ref-type="fig"}B, mice administered lactose after administration of crude F-fucoidan and before injection of IgE formed ear edema equivalent to mice challenged with IgE/antigen without the administration of F-fucoidan. However, in mice administered sucrose, which did not contain galactose, instead of lactose, ear edema was suppressed to the same level as mice administered crude F-fucoidan. These data indicated that oral treatment with F-fucoidan may increase galectin-9 content in the blood and prevent the interaction of IgE and mast cells.

The immune-modulatory effect of oral administration of F-fucoidan
-----------------------------------------------------------------

It has been shown that serum IgE and IgG~1~ contents are increased when Th1/Th2 balance is deflected to Th2, and Th2 cytokine levels, such as those of IL-4 and IL-13, are increased. Indeed, the anti-allergic properties of fucoidan from *Undaria pinnatifida* were caused by modulation of Th1/Th2.^([@B19])^ Therefore, to confirm that F-fucoidan affected the Th1/Th2 balance, allergy was induced by the injection of OVA and the amount of serum IgE and IgG~1~ was measured. Oral administration of crude F-fucoidan did not decrease serum total IgE content increased by OVA injection (Fig. [6](#F6){ref-type="fig"}A). The increase in antigen-specific IgE and IgG~1~ was not affected by administration of crude F-fucoidan (Fig. [6](#F6){ref-type="fig"}B and C). These data suggested that the anti-allergic properties of F-fucoidan from *S. japonica* were due to suppression of mast cell activation but not the modulation of Th1/Th2 balance.

Discussion
==========

Development of type I allergy starts from phagocytosis of foreign antigens by antigen-presentation cells and presentation of the antigen to naïve T cells followed by differentiation of naïve T cells into Th2 cells, which produce Th2 cytokines such as IL-4 and IL-13. These cytokines induce immunoglobulin class switching to IgE in B cells,^([@B22])^ whereby blood IgE level is increased. Increased IgE binds to IgE receptors on mast cells. Subsequently, when the antigen reenters the body, the antigen bridges IgE molecules on mast cells and the mast cells are activated. Activated mast cells undergo degranulation and release chemical mediators such as histamine followed by the production of eicosanoid and cytokine.^([@B23])^ In previous reports on the anti-allergic effects of fucoidan, it inhibits allergic symptoms through modulating the polarized immune response and inhibiting the production of IgE.^([@B19],[@B24])^ Briefly, fucoidan has been thought to mainly exert an inhibitory effect on allergy by modulation of the Th1/Th2 balance. However, in this study, although F-fucoidan inhibited ear edema, which was caused by mast cell degranulation, F-fucoidan did not completely suppress the increased in serum IgE and IgG~1~ (Fig. [1](#F1){ref-type="fig"} and [6](#F6){ref-type="fig"}). Moreover, to further investigate the immune-modulatory effect of F-fucoidan, IFN-γ and IL-4 production of typical Th1 and Th2 cytokines in splenocytes from OVA-induced allergy model mouse was examined. When the splenocytes were restimulated with OVA for 72 h, F-fucoidan did not affect production of Th1 and Th2 cytokines in splenocytes of OVA-induced allergy model (data not shown). These results suggested that F-fucoidan can inhibit mast cell degranulation but not polarization to Th2. Moreover, it was indicated that the inhibitory effect on type I allergy by oral administration of F-fucoidan is not an immune-modulatory effect, which was previously reported as an effect of fucoidan.

In this study, intravenous administration of an anti-galectin-9 antibody prevented the inhibitory effect of F-fucoidan on ear edema (Fig. [4](#F4){ref-type="fig"}B). It was ascertained that the inhibitory effect of F-fucoidan on ear edema induced by IgE/antigen reaction depended on galectin-9. Galectin-9 binds to IgE and prevents binding of IgE to IgE receptor FcεRI, resulting in the inhibition of mast cell activation.^([@B12])^ Moreover, administration of F-fucoidan increased the expression level of the galectin-9 mRNA in IECs (Fig. [4](#F4){ref-type="fig"}A) and the content of galectin-9 in serum (Fig. [3](#F3){ref-type="fig"}). The inhibitory effect of F-fucoidan on ear edema was shown only when F-fucoidan was administered orally (Fig. [2](#F2){ref-type="fig"}). Taking into consideration these results, it was predicated that oral administration of F-fucoidan influences IECs and promotes the expression and secretion of galectin-9 into blood. As shown Fig. [4](#F4){ref-type="fig"}, the inhibitory effect of F-fucoidan on ear edema was also prevented by intravenous administration of lactose, which binds to galectin-9 and suppresses the interaction of galectin-9 with IgE.^([@B12])^ These results suggested that secreted galectin-9 bound to IgE in blood and prevented ear edema.

The result that F-fucoidan inhibited ear edema but did not suppress the increase of serum IgE and IgG~1~ (Fig. [1](#F1){ref-type="fig"} and 6) was consistent with a previous report that the exogenous galectin-9 could suppress ear swelling induced by IgE/antigen, although it did not affect the serum contents of IgE and IgG~1~.^([@B12])^ Besides, while it has been reported that mast cells expressed TIM-3, which is one of the major targets of galectin-9,^([@B25],[@B26])^ activation of TIM-3 on mast cells did not affect mast cell degranulation induced by IgE/antigen.^([@B26])^ These reports and the results in this study suggested that galectin-9 induced by F-fucoidan interacted with IgE but not TIM-3 and prevented allergic symptoms.

Galectin-9 has been reported to have the inhibitory properties against allergy^([@B10],[@B12],[@B27])^ and various autoimmune diseases.^([@B5],[@B11],[@B28],[@B29])^ However, in these studies mice were administered exogenous galectin-9 or overexpressed galectin-9. The substances that can induce galectin-9 are less understood, although there was a report that combination of oligosaccharides in human milk with bifidobacteria can increase galectin-9 in IECs and blood, whereby food allergy was suppressed.^([@B21])^ In this study, we demonstrated that F-fucoidan from *S. japonica* possessed an ability to increase expression of galectin-9 in IECs (Fig. [4](#F4){ref-type="fig"}A). Furthermore, administration of F-fucoidan increased the amounts of galectin-9 in blood (Fig. [3](#F3){ref-type="fig"}). These data indicated that F-fucoidan is a novel inducer of galectin-9. Moreover, the inhibitory effect of F-fucoidan on type I allergy through the induction of galectin-9 was observed only when F-fucoidan was administered orally (Fig. [2](#F2){ref-type="fig"}). This suggested that dietary intake of *S. japonica* could be useful for the induction of galectin-9, followed by preventive effects on allergic symptoms.

Our laboratory reported previously that F-fucoidan is not completely absorbed into the body and all F-fucoidan is excreted in the feces.^([@B16])^ Therefore, it was assumed that F-fucoidan interacts with factors on IECs or DCs passing their dendrites between IECs into the gut lumen and promotes the expression and secretion of galectin-9. Fucoidan has been reported to interact with several lectins,^([@B30]--[@B33])^ and IECs express various lectins.^([@B34]--[@B36])^ Therefore, fucoidan could be recognized through one of the lectins on IECs. In addition, DCs passing their dendrites between IECs have been reported to have DC-specific intracellular adhesion molecule 3-grabbing non-integrin (DC-SIGN), which recognizes fucose.^([@B37])^ It is known that DCs can protrude dendrites to the luminal side, and DC-SIGN is also expressed on protruding dendrites.^([@B38])^ Thus, F-fucoidan might be recognized by DCs using intraepithelial dendrites but not by IECs. However, the receptor that recognizes F-fucoidan has not yet been identified, although there are some candidates.

Many of previous reports of food factors about anti-allergic effects have suggested that effects of them were due to immune-modulatory effects. For example, flavone from *Scutellariae radix* has been reported to reduce IL-4 and eotaxin production and IgE production in OVA-induced allergy.^([@B39])^ However, our study indicated that oral treatment with F-fucoidan prevented type I allergy through the inhibition of mast cell activation but not the inhibition of Th2 polarization. Moreover, our study suggested the inhibitory mechanism of F-fucoidan, through which it influences IECs and promotes the expression and secretion of galectin-9. Thus, increased galectin-9 in the blood binds to IgE and prevents the interaction between IgE and mast cells, followed by mast cell activation. This study showed that F-fucoidan is a novel inducer of galectin-9 and that F-fucoidan exhibits anti-allergic properties through a different mechanism from the mechanisms that have reported as effects of fucoidan previously. This anti-allergic mechanism of F-fucoidan suggested that F-fucoidan may be an effective inhibitor that can prevent symptoms in type I allergic patients even after sensitization to allergen. Therefore, anti-allergic effects of F-fucoidan should be confirmed in clinical trial in the near feature.
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![Effect of F-fucoidan on ear edema induced by the passive cutaneous anaphylaxis reaction. Mice were administered F-fucoidan orally (100, 200, or 400 µg/day) for 4 days and conducted a passive cutaneous anaphylaxis reaction. Ear edema was evaluated 2 h after antigen challenge. **\****p*\<0.05, significantly different from the values of the group that did not receive crude F-fucoidan. Values represent the means ± SE of 3 mice in each group.](jcbn15-144f01){#F1}

![Difference in the pathway of administration of F-fucoidan. Mice were orally (p.o.) or intraperitoneally (i.p.) administered F-fucoidan (200 µg/day) for 4 days and induced allergic symptoms by passive cutaneous anaphylaxis reaction. Ear edema was evaluated 2 h after antigen challenge. **\****p*\<0.05. Values represent the means ± SE of 3 mice in each group.](jcbn15-144f02){#F2}

![Increase in galectin-9 in serum of mice administered F-fucoidan. Mice were administered F-fucoidan orally (200 µg/day) for 4 days and induced allergic symptoms by passive cutaneous anaphylaxis reaction. After evaluation of ear edema, blood was collected. Galectin-9 in serum was detected using an anti-mouse galectin-9 antibody.](jcbn15-144f03){#F3}

![Involvement of galectin-9 in the inhibitory effect of F-fucoidan on type I allergy. (A) Mice were administered F-fucoidan orally (200 µg/day) for 4 days and induced allergic symptoms by passive cutaneous anaphylaxis (PCA) reaction. Galectin-9 mRNA expression in intestinal epithelial cells after PCA reaction was measured. (B) Mice were administered F-fucoidan orally (200 µg/day) for 4 days and intravenously injected with anti-galectin-9 antibody or isotype IgG 1 h before PCA reaction. Ear edema was evaluated 2 h after the antigen challenge. **\****p*\<0.05, **\*\****p*\<0.01. Values represent the means ± SE of 3 mice in each group.](jcbn15-144f04){#F4}

![Lactose-mediated inhibition of the interaction between galectin-9 and IgE and the effect of F-fucoidan on ear edema induced by IgE/antigen. (A) IgE and galectin-9 reacted with or without lactose, followed by immunoprecipitation with an anti-mouse IgE antibody and western blotting with an anti-mouse galectin-9 antibody. The data are representative of triplicate experiments. (B) Mice were administered F-fucoidan orally (200 µg/day) for 4 days and intravenously injected with lactose or sucrose 10 min before passive cutaneous anaphylaxis reaction. Ear edema measured 2 h after antigen challenge. **\****p*\<0.01. Values represent the means ± SE of 3 mice in each group.](jcbn15-144f05){#F5}

![No effect of F-fucoidan on the increase in IgE and IgG~1~ induced by ovalbumin injection. Mice were administered F-fucoidan orally (200 µg/day) for 7 days and immunized with ovalbumin (OVA) as described in the Materials and Methods. Amount of total IgE (µg/ml) in serum collected from the tail vein 1 day before injection OVA (A). Serum OVA-specific IgE (ng/ml) (B) and OVA-specific IgG~1~ (µg/ml) (C) content on the final day. Values represent the means ± SE of 6--7 mice in each group. U.D. indicates under detection.](jcbn15-144f06){#F6}
